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Outline & Approach

Alntroduction to Bradford Hill criteria

APurpose

AProposed mechanisms of hearing & cognition relationship
AMechanisms not necessarily mutually exclusive!

AApproach

ADraw on published research (meta-review) & supporting studies
ADatasets

A9 Bradford Hill criteria
ADiscussion & implications



Bradford Hill criteria for causation

Framework for causal inference consisting of 9
Oviewpol ntso to help det el
associations can be described as causal.

Not a rigid 6checklistodo and sho
scientific methods and understanding.

Bradford-Hill, 1965



Purpose

Contextualize the current state of research focused on
hearing and cognition with the Bradford Hill criteria for
causality, in order to understand whether or not causal
Inferences can be made from current observed
associlations.
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Proposed mechanisms: Common cause

Neuropathological
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Proposed mechanisms: Cascade
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Proposed mechanisms: Overdiagnosis

Hearing loss

Over or misdiagnosis of cognitive
Impairment due to impacts of hearing
loss on cognitive test performance.

Cognitive impairment

Uchida et al., 2020



Proposed mechanisms: Overdiagnosis

Hearing loss
XOver or misdiagnosis of cognitive

o+ Impairment due to impacts of
hearing loss on cognitive test
performance.

Cognitive impairment

Uchida et al., 2020



Other relevant definitions

ACognitive function or decline (domains):
A Memory and learning
A Language

A Executive function (e.g., working memory, adaptable thinking, self-
monitoring/control, organization)

A Complex attention
A Perceptual and motor functions

AMild cognitive impairment (MCI): memory or thinking problems that
may progress to dementia

ADementia: umbrella term characterized by severe loss of memory
and other thinking abilities.
AA1 z h e i :Mest cdramon cause of Dementia.



Dataset: VA Electronic Health Records

Patients with hearing aid order (n=731,213; 98.9% male)

) Time .
2007 2012 2014 2017
s HA Order Information .
o Audiometry *
. IOI-HA +
o Battery Order Information |o
- Diagnostic (ICD) & procedural (CPT) codes, demographic information =

IOI-HA: International Outcome Inventory for Hearing Aids; ICD: International Disease
Classification codes; CPT: Current Procedural Terminology codes

Dillard et al., 2020; Saunders et al., 2021; Zobay et al., 2021; Naylor et al., 2022



Dataset: Longitudinal Cohort Studies

0Ky
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Epidemiology of
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+ Pooled (n=3574) middle-aged to oder aduis *

Cruickshanks et al., 1998, 2003, 2015; Nash et al., 2011; Dubno et al., 2008

MUSC
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A1988-current
An=1775
AOlder




Bradford Hill criteria for causation

Strength of association
Consistency of evidence
Specificity

Temporality
Biologic gradient

Plausibility
Coherence

Experimental evidence = |ntervention with hearing aids
Analogy

©ONOOOAEWDNPE

Bradford-Hill, 1965; Rothman, 2005



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

1. Strength of Association

The larger the association, the more likely to be a causal relationship.

Weak associations may be more easily explained by undetected
biases.

Bradford-Hill, 1965; Rothman, 2005



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

1. Strength of Association

The larger the association, the more likely to be a causal relationship.

Correlations of hearing loss and cognitive domains Longitudinal associations of risk factors
(longitudinal studies) (separate meta-analyses) with dementia
-0.06 to -0.14 HR 95% ClI
No. of Participants/ / Indicates - Indicates Hearing loss 1.22 (1.09, 1.36)
Duboome Ewents r Value (35% CI) Decline I mpronsemsent
A bk o 39171 0,00 [ =i 200 Ko {0 0eI) —— 2
Delayed recall 1774/4 0.10 {~0.15 to -0.05) - - Educatlop 1.99 (1.30, 3.04)
Fluency 1233/4 0.07 (=0.14 ko 0.01) —-— (|OW VS hlgh)
Global cognition 422716 0.14 (=0.19 to =0.09) - S k
Immediate recall  4225/6 0.06 (=0.10 to =002 B MOKINg
Priscessing spesd E462710 0.08 (=0.14 to =0.03) - 2 137 (123’ 152)
Reasonming 10571 0.06 [=0.02 to 00} —— (hIStory VS never)
Semantic memory 071 0.14 (=0.23 to=0.05) —. . B R
SUMMAry E23%/33 0.09 (=0.11 ta =0.07) L PhySICal aCtIVIty 0.58 (0.49 0.70)
~0.50 -0.25 0 025 0.50 (high vs low)
i Walue (95% 1)
Homocysteine
— _ ITIOCYSTEHN 1.93 (1.50, 2.49)
Note: Present results from one systematic review/meta-analysis related to (hlgh VS |0W)

hearing loss. Other meta-analyses returned similar results. aamino acid identified as risk factor for Dementia

Loughrey et al., (2018); Beydoun et al., (2014)



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

1. Strength of Association

The larger the association, the more likely to be a causal relationship.

Magnitude of association is relatively small and is smaller than

other risk factors for cognitive decline or dementia.



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

2. Consistency of evidence

A variety of locations, methods, and populations show same results.

Rules out hypothesis that the association is attributable to some
factor that varies across studies.

Bradford-Hill, 1965; Rothman, 2005



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

2. Consistency of evidence

A variety of locations, methods, and populations show same results.

ASeveral countries (most high
Income) show similar results

AMany (not all) definitions/
methods show similar results

ATypes of cohorts
A Community dwelling
AHealth care recipients
AMedical records

Loughrey et al., (2018); Ford et al., (2018); Zheng et al., (2017); Tarawneh et al., (2017); Fu et al., (2023); Lau et al., (2022); Liang et al., (2021); Taljaard et al., (2016)



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

2. Consistency of evidence

A variety of locations, methods, and populations show same results.

Associations are generally consistent.



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

3. Specificity

Exposure causes only one disease outcome.

If present, the greater the specificity between an exposure and
outcome, the greater the probabillity of causality.

Bradford-Hill, 1965; Rothman, 2005



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

3. Specificity

Exposure causes only one disease outcome.

AMost studies focus on associations of
hearing loss with health-related

Health-

qguality of life
ASome evidence suggests hearing is ey o

associated with depressive ife
symptoms or physical frailty

Lawrence et al., 2020; Tian et al., 2021



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

3. Specificity

Exposure causes only one disease outcome.

It Is difficult to apply this criterion to hearing loss.




Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

4. Temporality

Time of the exposure precedes the disease outcome.

Inarguable criterion!

Bradford-Hill, 1965; Rothman, 2005
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4. Temporality

Time of the exposure precedes the disease outcome.

Cross-Sectional Studies

*
Time

o)

Hearing loss (exposure)

i

Cognitive function or decline
(outcome)

Cannot determine temporality

Longitudinal Studies

——————————————————————
@ Time | @ |
Cognitive function

or decline
(outcome)

Hearing loss
(exposure)

6 to 18 years

Need to consider when in disease course
measurements are made, frequency and
duration of follow-up

Loughrey et al., (2018)




Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

4. Temporality

Time of the exposure precedes the disease outcome.

Preclinical
a
Dementia has long pre-clinical ™™ 1 — e s v s
phase and biomarkers (e.qg., vk MO
amyloid Ab, tau) can be %
observed before clinical stage E
Marmal ‘

I [ =
Cognitively normal : MG E Damarlla

Glmmﬂﬂgﬁ

Aisen et al., (2017)



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

4. Temporality

Time of the exposure precedes the disease outcome.

Longitudinal studies confirm temporality yet vary in the
frequency and methods of data collection. Understanding

temporality is complicated given preclinical stages of disease.




Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

5. Biologic gradient

Dose/response relationships between exposure and outcome.

Helpful to establish association but is not expected from all
causal relationships.

Bradford-Hill, 1965; Rothman, 2005
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5. Blologic gradient

Dose/response relationships between exposure and outcome.

EHLS and BOSS (n=3574): Cognition measured by a principal component analysis

Whole sample (mild + moderate+) PTA>25 dB Effect size (95% Cl) :
PN— 10.12 (018, -0.069 Scores standardized (v=o,
SD=1)
Mild Hearing LOSS PTA 26-40 dB Cognitive domains:
—@® - -0.07 (-0.13, -0.01)* A Memory
Moderate+ Hearing Loss PTA 41+ dB A Language
° | 0.28 (0.37, 0.20" A Processing speed
A Executive function
-0.6 -0.5 -0.4 -0.3 -0.2 0.1 0 0.1 0.2 0.3
Poorer B coefficient (95% CI) Better

Referent group = normal hearing
Adjusted for: age, sex, education, marital status, visual impairment, atherosclerotic plaque, diabetes

PTA: 0.5-4.0 kHz, better ear Dillard et al., 2022



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

5. Blologic gradient

Dose/response relationships between exposure and outcome.

More severe hearing loss is associated with higher odds or risk
of poorer cognition or dementia.



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

6. Plausibility

Association consistent w/ biological, psychological, or social models.

Bradford-Hill, 1965; Rothman, 2005
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6. Plausibility

Association consistent w/ biological, psychological, or social models.

Cognitive Load
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Cognitive resources
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hearing loss increases listening

effort

Ohlenforst et al. (2017); Uchida et al., 2020



Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

6. Plausibility

Association consistent w/ biological, psychological, or social models.

Common cause

Neuropathological

Common Cause
e.g., oxidative stress, genetic
factors, vascular health

2 0

d

Hearing loss

)

N\

Cognitive impairment

s

A Associations often persist after
controlling for shared risk factors

A Difficult to rule out residual or
uncontrolled confounding

Uchida et al., 2020



6. Plausibility

Strength A Consistency A Specificity A Temporality A Biologic gradient A Plausibility A Coherence A Experimental evidence A Analogy A Discussion

Association consistent w/ biological, psychological, or social models.

Cascade

Hearing loss

4

Verbal communication
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Decreased
socialization
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Depression, loneliness,
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N

\L‘Jse it or lose it
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input

v

Decreased activity in
auditory pathway

v

Structural changes to
brain

v

Brain volume atrophy

L

Cognitive impairment

A Inconsistent evidence that
hearing loss leads to depression,
loneliness, and social isolation

A Hearing loss has been
associated with smaller brain
volume yet there is evidence for
cross-modal plasticity

Uchida et al., 2020; Bott & Saunders, 2021, Lin et al., 2014, Rigters et al., 2017
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6. Plausibility

Association consistent w/ biological, psychological, or social models.

Overdiagnosis

A Associations of hearing loss with
cognitive function are shown on
verbal and non-verbal tasks

Hearing loss 7\

Cognitive impairment

Uchida et al., 2020; Fullgrabe, 2020
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6. Plausibility

Association consistent w/ biological, psychological, or social models.

Associations are plausible, but mechanistic frameworks were
developed based on plausibility.
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/. Coherence

All available evidence supports the cause-effect relationship and does not
conflict with what is known about the natural history and biology of disease.

Conflicting information may undermine a hypothesis.

Bradford-Hill, 1965; Rothman, 2005
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/. Coherence

All available evidence supports the cause-effect relationship and does not
conflict with what is known about the natural history and biology of disease.

AFew longitudinal studies of hearing

AAll evidence towards the proposed Longitudinal Studies

mechanisms have some supporting, —_—

confllct?ng, and_mlssmg iInformation. 9 Time &R
AMore high-quality data (from human Yo o Cogpnitive function

and animal studies) and improved EraEers) ("Ju‘ffg&”ee)

understanding of mechanisms will
help establish or refute coherence.
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/. Coherence

All available evidence supports the cause-effect relationship and does not
conflict with what is known about the natural history and biology of disease.

Evidence supporting causality is inconsistent. High quality data,
Including longitudinal and cross-disciplinary data, are needed to

Improve understanding of mechanisms.




